The vertebrate retina is composed of cellular arrays that are nonrandom across two-dimensional space. The determinants of these nonrandom two-dimensional cellular patterns in the inner nuclear layer of the retina were investigated using empirical and computational modeling techniques. In normal and experimental models of goldfish retinal growth, the patterns of tyrosine hydroxylase-and serotonin-positive cells indicated that neither cell death nor lateral migration of differentiated cells were dominant mechanisms of cellular pattern formation. A computational model of cellular pattern formation that used a signaling mechanism arising from differentiated cells that inhibited homotypic cell-fate decisions generated accurate simulations of the empirically observed patterns in normal retina. This model also predicted the principal atypical cellular pattern characteristic, a transient cell-type-specific hyperplasia, which was empirically observed in the growing retina subsequent to selective ablation of differentiated retinal cells, either tyrosine hydroxylase positive or serotonin positive. The results support the hypothesis that inhibitory spatiotemporal regulation of homotypic cell-fate decisions is a dominant mechanistic determinant of nonrandom cellular patterns in the vertebrate retina.
Introduction
At the cellular level, the vertebrate retina is characterized by a high degree of spatial order across its tangential plane, and this structural organization is likely to be a key contributor to the functional characteristics of the retina. Although these nonrandom two-dimensional (2D) cellular patterns are common across the vertebrate subphylum, the mechanisms that drive their formation during retinal growth are not completely understood. Empirical and computational investigations of cellular pattern formation in the vertebrate retina have, however, generated specific theories regarding the mechanisms that position cells within two-dimensional space. Three of these hypothesized mechanisms are the spatiotemporal control of cell-fate decisions (Eglen and Willshaw, 2002; Frankfort and Mardon, 2002; Cameron and Carney, 2004) , lateral migration of differentiated cells (Hendrickson, 1994; Reese et al., 1995 Reese et al., , 1999 Galli-Resta et al., 1997; Eglen et al., 2000; Galli-Resta, 2000) , and spatial patterns of apoptosis (Jeyarasasingam et al., 1998; Cusato et al., 2001; Eglen and Willshaw, 2002; Raven et al., 2003) . Each of these mechanisms may function coincidentally or at disparate times during development (for review, see Cook and Chalupa, 2000) .
In the current investigation, a combination of empirical and computational modeling techniques was used to explicitly evaluate and differentiate these three hypothesized mechanisms. For the empirical analyses, longitudinal growth assessment, cellular death determination, selective cellular ablation, and quantitative spatial pattern analyses were applied to the growing retina of adult goldfish. In the computational analyses, a model of cellular pattern formation in the vertebrate retina, based on a physiologically realistic signaling strategy (Cameron and Carney, 2004) , was used to generate predictions of cellular pattern formation in normal and cell-ablated retinas. For two independent "cell types" of the inner nuclear layer [tyrosine hydroxylase positive (TH ϩ ) and serotonin immunopositive (5-HT ϩ )], the empirical investigations revealed no evidence that either cell death or lateral migration of differentiated cells was significantly contributing mechanisms to cellular pattern formation during retinal growth. Application of the computational model and its direct comparison with the empirically derived data indicated that cellular pattern formation in this system could be dominated by signals arising from differentiated neurons that inhibit homotypic cell-fate decisions at the neurogenic epithelium of the retina. Because the twodimensional patterns of the analyzed cell types are independent, the coincident operation of multiple independent cell type-specific controlling mechanisms was inferred. Finally, the results motivated the development of a model of cellular pattern formation in the growing retina in which cell-fate decisions at the neurogenic epithelium are hypothesized to be controlled, at least in part, by neurotransmitter signaling.
Materials and Methods
Model system and intraocular drug delivery. Light-adapted goldfish (Carassius auratus) of 4.1-6.3 cm standard body length were used for all experiments, which were approved by the Committee for the Humane Use of Animals at the State University of New York Upstate Medical University. Fish received one-time 1 l intraocular injections in their left eyes of a 0.9% saline solution containing 5 mM 5-bromo-2Ј-deoxyuridine (BrdU) to label proliferative cells at the circumferential germinal zone (CGZ) or their terminally differentiated progeny (Cameron, 1995) . The same solution was injected into the right eyes, supplemented with a neurotoxin that targeted either tyrosine hydroxylase-immunopositive cells [6-hydroxydopamine (6-OHDA)] (Sigma, St. Louis, MO) or serotonin-immunopositive cells [5, ] (Sigma). The total amount of 6-OHDA and 5,7-DHT delivered to the eyes was 5 and 15 g, respectively. Drug selection and injection procedure was based on that described previously by Hitchcock and Vanderyt (1994) and Negishi et al. (1982) . After injection, fish were returned to their tanks for times ranging from 1 d to 9 months.
Immunohistochemistry and cell death analysis. The methodology for selectively labeling and visualizing cells in retinal whole mounts or cryosections using indirect fluorescence immunohistochemical techniques was based on that described previously (Cameron and Carney, 2000) . Briefly, for whole-mount analysis, light-adapted eyes were fixed (4% paraformaldehyde, 0.25% picric acid, and 0.1 M PO 4 buffer, pH 7.2), and the retinas (with pigmented epithelium attached) were flattened. Retinal whole mounts were then exposed to 5% normal serum (in PBS and 0.3% Triton X-100), followed by a 1% solution of one of two primary antibodies: anti-TH (catalog #MAB318; Chemicon, Temecula, CA) or anti-5-HT (catalog #MAB352; Chemicon). Primary antibody labeling was visualized via fluorophore-conjugated secondary antibody (TH ϩ cells) or a combined secondary and tertiary antibody (5-HT ϩ cells). When a tertiary antibody was required for visualization, the conjugated fluorophore was matched to that of the secondary antibody, typically cyanine 2 (Cy2) (Jackson ImmunoResearch, West Grove, PA). BrdU ϩ cells were visualized as described previously (Cameron, 1995; Cameron and Easter, 1995) , using either a Cy3-or tetramethylrhodamine isothiocyanateconjugated secondary antibody (Jackson ImmunoResearch); actively proliferating cells were detected with an antibody against proliferating cell nuclear antigen (PCNA) (catalog #M-0879; Dako, Glostrup, Denmark). The terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) method was used to label retinal cells exhibiting evidence of apoptotic cell death 48 h after neurotoxin administration (ApopTag kit; Serologicals, Norcross, GA). The protocol of the TUNEL kit was modified to detect TUNEL-positive cells with a fluorescence reporter (Yurco and Cameron, 2005) .
In the current report, the phrase cell type, and its variants, is used solely to indicate detected, labeled, or model-derived cells that share a particular immunohistochemical profile (Cameron and Carney, 2000, 2004) .
Quantitative analysis of cellular patterns. Reacted retinal whole mounts were examined with standard epifluorescence light microscopy (Axioskop; Zeiss, Thornwood, NY), and digital images were collected with an associated camera and image analysis system (MetaMorph; Universal Imaging, Teaneck, NJ). For a given retinal field of ϳ60,000 m 2 , a twodimensional (x, y) coordinate list of positively labeled cells was established, with the center of the optic nerve defined as the coordinate origin. For estimates of cellular density relative to the band of BrdU ϩ cells (see Results), virtual strips of 20 m thickness were defined parallel to and starting from the innermost edge of the BrdU ϩ band. Labeled cells were counted within each strip, and the total cell count was divided by the strip area to derive an estimate of cellular density. Statistical comparison of cellular density between control and experimental (i.e., neurotoxin exposure) conditions was achieved with an independent Student's t test.
For both empirical-and model-derived (see below) data, the twodimensional patterns of labeled cells were analyzed quantitatively with three previously described spatial-analysis techniques: nearest-neighbor distance (NND) (Cook, 1996) , density recovery profile (DRP) (Rodieck, 1991) , and quadrat analysis (Grieg-Smith, 1964) . The details, statistical utility, and application of these techniques, including their application to empirical-and model-derived cellular patterns in the retina, have been described previously (Cameron and Carney, 2000, 2004; Stenkamp et al., 2001) . Briefly, NND analysis provides a measure of local pattern regularity or nonregularity. From the NND distribution of a sample, a value, termed the conformity ratio, is derived (mean Ϯ SD of the NND distribution), from which a statistical assessment of pattern regularity is achieved (Cook, 1996) . From the DRP analysis, a metric is derived, termed the effective radius, which provides evidence for the presence or absence of anticlustering phenomena among the cells within the sample; the estimated density of the analyzed cells is also "recovered" (Rodieck, 1991) . Quadrat analysis derives a statistic, termed a dispersion "index," which characterizes the long-range patterning attribute of a sample as regular, aggregated (clumpy), or neither regular nor aggregated (e.g., random). NND and DRP analyses were performed in either autocorrelation (homotypic) or cross-correlation (heterotypic) modes.
Computational modeling. A computational model of cellular pattern formation in the growing retina, the details of which have been described previously (Cameron and Carney, 2004) , was used to formulate and test hypotheses of the mechanisms of retinal cell-pattern formation. Briefly, the model used an exponentially decaying signal, arising from each member of an in vivo, empirically derived "seed" of differentiated retinal cells of a particular type, which inhibited the production of homotypic cells at the CGZ (i.e., the proliferative neurogenic epithelium of the retina). For each simulation, a random set of locations was used for the precursor cells in the CGZ. Application of the model involved the determination of the space constant () of the inhibitory signal that resulted in a modelderived pattern of cells with an NND distribution that was not significantly different from that of the seed (Student's t test). After determina- tion of the value for , several model-derived patterns (n Ն 3 for each seed pattern) were further compared with the seed using DRP and quadrat analyses. For modeling cellular pattern formation subsequent to cell ablation, the seed of differentiated cells was removed (ablated), and the value was assigned to that determined for the corresponding control retina. The density of precursor cells in the CGZ was assigned a constant value of 100,000 cells/mm 2 , a mean value estimated from toluidine blue labeling of CGZ cells in five radial sections obtained from a control retina. A 50-m-wide arc of precursor cells was added for each step of the simulation. Locations of precursor cells were uniformly distributed across each newly added arc. Additional details of the model are included in the supplemental material (available at www.jneurosci.org).
Results

Growth and structure of cellular patterns in normal retina
Analyses of PCNA labeling and BrdU incorporation confirmed cell-cycle progression at the CGZ and CGZ-mediated retinal growth. Specifically, PCNA-positive cells were located at the extreme margin of all retinas (Fig. 1 A) , corresponding to the location of the CGZ (Johns, 1977; Easter, 1992; Cameron 1995) . BrdU incorporation was also observed in this location (Fig. 1 B) , supporting the interpretation of a proliferative neuroepithelium at the retinal margin. Longitudinal BrdU analysis revealed that, over time, some proliferative cells at the CGZ cease to proliferate; that is, the BrdU label was not diluted away by subsequent passages through the cell cycle. These cells retain the BrdU marker after their terminal mitosis, and they become displaced centrally (but apparently do not migrate; see below) by subsequent cellular addition to the retina from the CGZ (Fig. 1C) .
The 2D patterns of two inner nuclear layer cell types (TH ϩ and 5-HT ϩ ) were quantitatively analyzed. Both cell types were arrayed in 2D patterns that were nonrandom ( Fig. 2 ). Visual inspection of the patterns of both cell types suggested characteristics of regularity and local anticlustering ( Fig. 2 , top). Additionally, for both cell types, autocorrelation NND (aNND) analysis revealed pattern characteristics that were significantly different from those expected for random distributions of the same number of cells within the same two-dimensional areas, as reported previously for the same cell types in zebrafish retina (Cameron and Carney, 2004) . The aNND distributions for each cell type were normally distributed ( Fig. 2 , middle), and conformity ratio analysis indicated that the patterns were regular and significantly different from those expected for random patterns ( p Ͻ 0.01; n ϭ 3 retinas for each cell type and a mean of 34 and 45 for TH ϩ and 5-HT ϩ cells, respectively, per data set). Autocorrelation DRP (aDRP) analysis also indicated that the cellular patterns were nonrandom and characterized by local anticlustering: each soma was surrounded by a 2D zone of exclusion within which the probability of another like-type soma was low, as defined by effective radius values that were substantially greater (fivefold or more) than the soma diameter (Table 1; compare Fig. 2, top) . Finally, quadrat analysis revealed that nearly all of the cellular patterns were regular (Table 1) ; that is, the calculated dispersion index functions were consistently below the regions expected for random or aggregated patterns (GriegSmith, 1964) . The pattern analyses thus revealed that the 2D patterns of TH ϩ and 5-HT ϩ cells in goldfish retina were nonrandom and anticlustered.
For control retinas that had been double labeled for both TH ϩ and 5-HT ϩ cells, cross-correlation pattern analyses indicated that the two cell types were arrayed independently across 2D space. The cross-correlational NND (cNND) distributions (Fig. 2, bottom) were all significantly different from the corresponding aNND distributions (Fig. 2 , Table 1 ) (Student's t test; p Ͻ 0.02; n ϭ 3 retinas). Independent of the direction of correlation (e.g., TH ϩ to 5-HT ϩ or 5-HT ϩ to TH ϩ ), conformity ratio analysis of the cNND pairings revealed that the TH ϩ and 5-HT ϩ patterns were arrayed randomly with respect to each other, and thus the location of a given soma provided no predictive information ϩ (red) and 5-HT ϩ (green) cells in whole-mounted retina. Middle, Autocorrelational NND analyses for a representative whole-mount image of a retina double labeled for TH ϩ and 5-HT ϩ cells. Conformity ratio analysis indicated that all patterns were nonrandom and characterized by local homotypic zones of exclusion (Cook, 1996 ) (see Results) (Table 1) . Bottom, Cross-correlational NND analyses for the same pattern of cells. Note the leftward shift of the distributions relative to the corresponding autocorrelational distributions, indicating an apparent lack of local heterotypic zones of exclusion. Conformity ratio analysis indicated that the heterotypic cell patterns were independent (see Results), similar to analyses of these cell types in zebrafish retina (Cameron and Carney, 2000, 2004) . about the location of any other heterotypic soma ( p Ͼ 0.05; n ϭ 3 retinas). Cross-correlational DRP analyses (cDRP) confirmed independence between the cellular patterns, with effective radius values that were always significantly lower than the corresponding values derived from the aDRP analyses ( p Ͻ 0.001) ( Table 1 ). In two of six comparisons, the cDRP-derived effective radius values were equal to zero, indicating the complete absence of a zone of exclusion between heterotypic cells. The cNND and cDRP analyses thus provide evidence that the 2D patterns of TH ϩ and 5-HT ϩ cells in goldfish retina, although nonrandom and sharing similar pattern attributes (e.g., local anticlustering), are not correlated with each other across 2D space (Cameron and Carney, 2004) .
Evaluating cell death and migration as mechanisms of pattern formation
The observation of nonrandom independent cellular patterns across 2D space implied that cellular patterns emerge from the operation of one or more mechanisms that control, in a homotypic manner, the spatial arrangement of somata. Three candidate mechanisms for the formation of TH ϩ and 5-HT ϩ cellular patterns, spatiotemporal control of cell death, lateral migration, and spatiotemporal control of cell-fate decisions, were assessed.
If cell death contributes to cellular patterning, evidence of cell death would be expected at the CGZ, the spatial location of cellular patterning in this system. Additionally, based on the number of proliferative cells at the CGZ at any given time ( Fig. 1 A, B) , the number of those cells that terminally differentiate (Fig. 1C) , and the large number of different cell types in the fish retina (Yazulla and Studholme, 2001 ), a substantial number of cells exhibiting evidence of death would be expected. TUNEL-positive cells, however, were absent from the entirety of the CGZ of control and neurotoxin-exposed retinas (n ϭ 5 retinas) (Fig. 3 A, B) . However, TUNEL-positive cells were observed outside the retina (Fig. 3A) or, in retinas exposed to neurotoxin, occasionally at the inner nuclear layer, corresponding to the location of the cell type targeted by the neurotoxin (Fig. 3 B, C) . Because TUNEL-positive cells were detected in this model system, the lack of such cells at, or proximal to, the CGZ suggested that neither retinal cytogenesis nor cellular pattern formation in the goldfish retina is substantially influenced by cell-death mechanisms.
During normal retinal growth, new cells are appositionally added to the retinal margin from the CGZ, which in turn progresses outward over time, leaving nonrandom cellular patterns in its "wake" (see supplemental figure, available at www. jneurosci.org as supplemental material). The presence and extent of cellular migration mechanisms during this process were evaluated by examining cellular patterns subsequent to selective ablation of specific retinal cell types (TH ϩ or 5-HT ϩ ). If lateral migration mechanisms contribute to cellular pattern formation during retinal growth, newly born cells would be expected to migrate into the ablated region (see supplemental figure, avail- able at www.jneurosci.org as supplemental material), driven by hypothetical homotypic repelling signals that establish the homotypic zones of exclusion. A single intraocular administration of a neurotoxin (6-OHDA or 5,7-DHT; see Materials and Methods) successfully ablated Ͼ99% of cells of the target cell type, TH ϩ or 5-HT ϩ , respectively (Fig. 4) . Neurotoxin selectivity was indicated by the lack of ablation of the nontargeted cell type (see below). Neurotoxin exposure did not affect BrdU incorporation at the CGZ, as judged qualitatively by successful incorporation of BrdU, suggesting that undifferentiated progenitor cells at the CGZ were not targeted by the neurotoxins (n ϭ 13 control and neurotoxin-exposed retinas each) (Fig. 4) . Growth of retinas exposed to either 6-OHDA (Fig. 5, bottom) or 5,7-DHT (Fig. 6, bottom) was confirmed up to 9 months after neurotoxin exposure, with the amount of growth (assessed by the displacement of BrdU ϩ cells into central retina) matching that observed in corresponding control retinas (n ϭ 15 paired retinas; paired t test; p Ͼ 0.26) (Figs. 5, 6 , top).
In retinas exposed to neurotoxin, there was no evidence for lateral migration of differentiated cells. Although cells of the targeted type were generated subsequent to neurotoxin exposure, up to 9 months later, none of these somata were located in the ablated region; that is, central and nonadjoining to the band of BrdU ϩ cells, which demarcates the location of the CGZ at the time of neurotoxin exposure (Figs. 5,  6 ). If lateral migration of differentiated cells was a dominant mechanistic determinant of the physical attributes of the cellular patterns (for example, local anticlustering), newly generated cells would be expected to migrate into that region of the retina denuded of the homotypic cell type (see Discussion and supplemental material, available at www.jneurosci.org).
Evidence for the operation of mechanisms that spatiotemporally control cellfate decisions at the CGZ was observed. An atypical increase in the density of the neurotoxin-targeted cell types was observed immediately distal to the band of BrdU ϩ cells (Fig. 7) . This increase in density, which was present within the first 20 m of new retinal growth after neurotoxin exposure, was statistically significant for both TH ϩ and 5-HT ϩ cells ( p Ͻ 0.01 and 0.003, respectively; n ϭ 7 and 6 retinas for each condition, respectively). Because of the appositional nature of cellular addition from the CGZ, the region of higher density corresponds to the location in which neurogenesis occurred immediately after neurotoxin exposure (Figs. 4 -6) . The cell density function in the neurotoxin-treated retina peaked at a location just distal to the BrdU labeling and at more distal locations (Fig. 7 , abscissa values Ͼ0) was not different from that of control retina. This density profile indicated, subsequent to BrdU incorporation, a greater number of the targeted cell type in the neurotoxin-treated retinas compared with control, suggesting that the elevated density was attributable to an induced transient hyperplasia and to atypical cellular migration (for example, the region of elevated density being populated by cells that migrated to that location from some other region). Because there was no corresponding statistically significant increase in the density of the nontargeted cell type (Fig. 7) , the transient hyperplasia was likely to be cell-type specific. Furthermore, the persistence of the elevated cellular density throughout the growth period, which extended to 9 months, provided additional indirect evidence that neither cell death nor lateral migration were significant patterning mechanisms; that is, neither cell death nor migration mechanisms ultimately "pruned" the hyperplastic region to the "appropriate" cellular density (Fig. 7) .
The cellular patterns of both TH ϩ and 5-HT ϩ cells formed subsequent to their respective hyperplasia were not significantly different from those of corresponding control retinas. With respect to cellular density, at distances of new growth Ͼ20 m from the BrdU ϩ band, there was no significant difference between ablated and control retinas ( p Ͼ 0.3 for distances from 20 to 140 m for both TH ϩ and 5-HT ϩ cells derived from seven and six retina pairs, respectively) (Fig. 7) . Similarly, the NND distributions of TH ϩ and 5-HT ϩ patterns in control and postablation retina were not significantly different ( p Ͼ 0.1 for both TH ϩ and 5-HT ϩ cells derived from five and four retina pairs, respectively). Quadrat analysis of the TH ϩ and 5-HT ϩ patterns revealed that all of the patterns in ablated and control retinas were regular (data not shown). DRP analysis also revealed no significant differences between the patterns: expressed as a percentage, the effective radius values for TH ϩ and 5-HT ϩ patterns in their respective ablated retinas differed by ϩ5.2 Ϯ 14.7 and ϩ0.8 Ϯ 24.2% of the corresponding control values (n ϭ 5 and 4 retina pairs, respectively). These results indicated a posthyperplasia resumption/restoration of the nominal regulation of cell number and patterning during retinal growth.
A computational model predicts normal and experimental cellular pattern formation
Because cell death and lateral migration mechanisms were apparently not dominant contributors to pattern formation in this model system, the role of spatiotemporal control of cell-fate decisions at the CGZ was further evaluated. A computational model of this mechanism has been developed (Cameron and Carney, 2004 ) (see Materials and Methods and supplemental material, available at www.jneurosci.org), and its ability to predict cellular pattern formation in control and experimental goldfish retina was tested.
The computational model accurately predicted cellular pattern formation in control goldfish retinas out to 9 months after BrdU exposure. For both TH ϩ and 5-HT ϩ cell types, a value of the model parameter (the space constant of the signaling mechanism, arising from differentiated cells, that inhibited homotypic cell fates) was identified that generated model-derived patterns with NND distributions that were not significantly different from those of the corresponding seed (Fig. 8, top , Table 2 ) ( p Ͼ 0.1 for TH ϩ and 5-HT ϩ cells; n ϭ 18 and 15 pattern pairings, respectively). Poor matches between the seed and model-derived patterns were, however, readily achieved with values of above or below the identified value (data not shown). For both TH ϩ and 5-HT ϩ cells, the value of used in the simulations was similar to the aNNDs for the seed data, with /NND varying between 1.00 and 1.14, similar to that derived for modeled pattern formation of TH ϩ and 5-HT ϩ cells in zebrafish retina (Cameron and Carney, 2004) . Quadrat analysis revealed that all of the model-derived patterns matched the corresponding seed in being regular (Fig. 8,  middle) . Furthermore, DRP analysis indicated that the effective radius values for the seed and model-derived patterns were not significantly different ( p Ͼ 0.6 and 0.2 for TH ϩ and 5-HT ϩ cells, respectively) ( Table 2 ). These results indicated that a homotypic signaling mechanism that controls cell-fate decisions at the CGZ recapitulates qualitative and quantitative aspects of cellular patterns in the normal goldfish retina.
The computational model was also tested for its ability to predict the effects of targeted cellular ablation after subsequent pattern formation; specifically, the transient hyperplasia and subsequent restoration of the normal homotypic pattern (Fig. 7) . In the model, progenitor cells at the CGZ, freed from the homotypic inhibitory signal arising from central retina, transiently (i.e., proximal to the BrdU ϩ band) increased the number of targeted cells that were produced (see supplemental figure, available at www.jneurosci.org as supplemental material). The inhibitory signaling mechanism of the model was defined as being homotypic, which conceptually matches the apparent homotypic effects of the neurotoxins (Figs. 5-8) .
For both TH ϩ and 5-HT ϩ cells, the computational model recapitulated both the transient hyperplasia of the targeted cell type and the subsequent restoration of the normal cellular pattern in ablated retina. In the model, removal of the homotypic inhibitory signal resulted in undifferentiated cells at the CGZ being more likely to differentiate into the ablated cell phenotype, and this was manifested, for both TH ϩ and 5-HT ϩ cells, as an approximately threefold increase in cellular density proximal to the denuded retina compared with control (Fig. 9 ). This elevation in cellular density was similar to, but approximately twofold greater than, the observed in vivo hyperplasia (compare Fig. 9 , solid blue and red lines) (see Discussion). The posthyperplasia restoration of the normal cellular density was evident as densities that, at distances Ͼ50 m from the BrdU ϩ band, were not significantly different between the control and neurotoxin-exposed model patterns ( p Ͼ 0.15; n ϭ 2 sets of seed data from each of nine control retinas labeled for TH ϩ cells and five model simulations for each set) (Fig. 9) . Similarly, there were no significant differences in the NND distributions for model-derived patterns generated in the presence or absence of a seed, the latter analyzed subsequent to the transient hyperplasia ( p Ͼ 0.7 and 0.5 for TH ϩ and 5-HT ϩ cells, respectively) ( Table 2 , Fig. 10, top) . The quadrat analyses of these patterns revealed no significant differences (Fig. 10) , and DRP analysis indicated that the effective radius values were not significantly different ( p Ͼ 0.8 and 0.2 for TH ϩ and 5-HT ϩ cells, respectively) ( Table 2 ). These results indicated that the computational model, which used a homotypic cell-fate control mechanism, was able to recapitulate qualitative and quantitative aspects of both the typical cellular pattern formation of control retina and the atypical cellular pattern formation associated with targeted ablation of differentiated cells.
Discussion
Regularity and independence of TH
؉ and 5-HT ؉ cell patterns in goldfish retina The high degree of cellular order in the vertebrate retina provides an important structural basis for its functional characteristics (Wässle and Riemann, 1978; Wässle et al., 1983; Galli-Resta, 1998 Raven and Reese, 2002) . The observation that cells in the vertebrate retina are arranged nonrandomly across twodimensional space was originally reported by Hannover (1840), and a large number of subsequent investigations have confirmed this cellular attribute of the vertebrate retina (Eigenmann and Mean NND values and recovered cell densities from the DRP analysis are indicated; in the DRP plots, the recovered cell density is indicated graphically by the horizontal dotted line, and the effective radius is indicated by the vertical dashed line. The quadrat functions, which mostly lie below the central demarcated field of each plot, indicate cellular patterns that exhibit long-range regularity (rather than aggregation or randomness) (Grieg-Smith, 1964; Stenkamp et al., 2001; Cameron and Carney, 2004) . Note the overall similarity between the in vivo and model-derived patterns (see Results) (Tables 1, 2) . Shafer, 1900; Lyall, 1957; Engström, 1963; Marc and Sperling, 1976; Williams, 1988; Wikler and Rakic, 1990; Wässle and Boycott, 1991; Cameron and Easter, 1993; Vaney, 1994; Cook, 1996; Cameron and Carney, 2000, 2004; Cook and Chalupa, 2000; Galli-Resta, 2000; Rockhill et al., 2000; Stenkamp et al., 2001) .
In an effort to identify and characterize the determinants of these nonrandom cellular patterns, we took advantage of the goldfish retina as a model system. The goldfish retina grows throughout life by the appositional addition of new cells at the retinal margin (Fig. 1) (Johns, 1977; Kock, 1982) , thus providing an identifiable, accessible, and geometrically well defined substrate against which alternative mechanisms of cellular pattern formation such as cell death, lateral migration, and cell-fate decision could be directly evaluated. Additionally, TH ϩ and 5-HT ϩ cells in the goldfish inner retina are arrayed nonrandomly and independently across 2D space (Fig. 2) , thus providing well characterized patterns for evaluating formation mechanisms. Finally, TH ϩ and 5-HT ϩ cells in the retina, as confirmed here, can be selectively ablated by exposure to specific neurotoxins (Fig. 4 ) (Dowling and Ehinger, 1978; Negishi et al., 1982 Negishi et al., , 1985 Watling et al., 1982; Reh and Tully, 1986; McAvoy and Chamberlain, 1990; Braisted and Raymond, 1993; Hitchcock and Vanderyt, 1994; Yazulla and Studholme, 1997; Raven et al., 2003) , thus enabling the direct testing of hypotheses regarding the contribution of In each row, the cell type is indicated; NND and effective radius values are presented as mean Ϯ SD (number of cells). Data were derived from retinas exposed to BrdU alone (control) and served as the seed for the "Model control" condition (results from 3 model simulations of control growth, using the same data seed, are indicated). "Model ablated" refers to simulations in which the seed was removed to mimic in vivo ablation. The values derived from the Model control simulations were used in the corresponding Model ablated condition (see Materials and Methods). Symbols and abbreviations are as in Table 1 .
differentiated cells in providing instructive cues that guide cellular pattern formation during retinal growth.
Cell death and lateral migration mechanisms do not dominate TH ؉ and 5-HT ؉ pattern formation Nonrandom cellular patterns could be established via multiple mechanisms, including regulation of cell death, lateral migration of cells, or spatiotemporal regulation of cell-fate decisions. Our empirical evidence suggested that the patterns of TH ϩ and 5-HT ϩ cells in goldfish retina are not formed via spatiotemporal regulation of cell death. Although TUNEL-positive cells were readily detected, there was no evidence for such cells at the CGZ (Fig. 3) , the site at which cell death, if it was controlling cellular patterning, would be expected to be observed. Furthermore, in retinas exposed to neurotoxin, the long-term persistence of localized regions of hyperplasia indicated that cell-death mechanisms did not ultimately prune these atypical patterns into more appropriate patterns.
A substantial role for lateral migration was ruled out by the lack of evidence for migration of TH ϩ or 5-HT ϩ cells into regions of retina denuded of the homotypic cell, even up to 9 months after cellular ablation (Figs. 5, 6 ). If lateral migration of somata had occurred, particularly a migration driven by homotypic mutual-repelling mechanisms, the most favorable migratory direction would have been into the denuded region (attributable to its lower total complement of cells, this region should also have provided a more advantageous microenvironment for migration than normal retina). Lateral migration mechanisms could also not account for the transient elevation in TH ϩ and 5-HT ϩ cell production subsequent to their ablation, and the long-term persistence of hyperplastic regions indicated that cells within these regions of atypical patterning did not redistribute themselves into more appropriate patterns, via migration into either the denuded retina or the retina formed subsequent to ablation. The combined lack of evidence for cell death at the CGZ and the apparent absence of lateral migration of differentiated cells indicated the operation of some other mechanism(s) for controlling cellular pattern formation in this system.
Evidence that pattern formation is dominated by spatiotemporal control of cell-fate decisions A computational model of cellular pattern formation suggested that a mechanism that controls cell-fate decisions at the CGZ could account for cellular pattern formation in this system. Using a signaling mechanism, arising from differentiated cells, that inhibited the formation of homotypic cells, the model accurately predicted quantitative aspects of TH ϩ and 5-HT ϩ cellular patterns in control retina, as determined by NND, DRP, and quadrat analyses (Fig. 8, Table 2 ). Additionally, and perhaps most importantly, using the same parameter values as those used for control retinal growth, for both cell types, the model accurately predicted the transient hyperplasia and the subsequent restoration of the normal cellular patterns after selective cellular ablation (Fig. 10) .
The spatial attributes of TH ϩ and 5-HT ϩ cellular patterns argued against alternative signaling schemes for controlling cell- Figure 8 . In the ablated conditions, the region of hyperplasia was excluded. Note the overall similarity between the control and neurotoxinexposed model-derived patterns (see Results) ( Table 2) .
fate decisions. Because they are homotypically anticlustered, the operation of a homotypic promotive signal for controlling cellfate decisions was ruled out, because such a strategy would generate aggregated patterns that do not exhibit homotypic zones of exclusion. Additionally, because the 2D patterns of TH ϩ and 5-HT ϩ cells are independent (as are other inner retinal cell types) (Cameron and Carney, 2004) , the contribution of heterotypic promotive signaling is questionable. Such signaling would generate cellular patterns that are spatially correlated in some nonrandom manner, yet no such spatial correlation was observed. Although the operation of promotive signaling strategies cannot be formally ruled out, the spatial characteristics of the observed cellular patterns, as derived from autocorrelational and crosscorrelational analyses, indicate that homotypic inhibitory signaling mechanisms are parsimonious.
The statistically significant, transient, cell-type-specific hyperplasia that occurred during retinal growth subsequent to neurotoxin exposure was similar to that reported previously (Negishi et al., 1982; Reh and Tully, 1986; Li and Dowling, 2000) . That the hyperplasia was limited to the ablated cell type was consistent with a lack of heterotypic inductive or instructive patterning cues between TH ϩ and 5-HT ϩ cells, although the somata of both cell types occupy the inner nuclear layer. Spatial pattern analysis revealed that cellular patterns formed subsequent to hyperplasia did not differ from those of corresponding control retina (Fig. 10 , as predicted by the computational model), indicating an ultimate resumption/restoration of the mechanism(s) that controls the number and patterns of differentiated cells.
We hypothesize that compared with the situation in vivo, the greater predicted hyperplasia of the model (Fig. 9 ) was attributable to an overestimate of the number of progenitor cells within the CGZ that could differentiate into the TH ϩ or 5-HT ϩ phenotypes. The model assumed that all proliferative cells within the CGZ could differentiate into the seed cell type. Although we are currently unable to define the number of progenitors that, at any given time, are competent to differentiate into TH ϩ or 5-HT ϩ cells, the model results suggest that not all proliferative cells in the CGZ have equivalent lineage potential.
Hypothesized signaling mechanisms for controlling cell-fate decisions in the growing retina
The success of the model in simulating the formation of cellular patterns raises the question of the underlying molecular basis. The physical characteristics of instructive signals that are known to affect cell-fate decisions in the retina are varied and include cell-surface signaling (Link et al., 2000; Scheer et al., 2001 ) and diffusible agents (Altshuler and Cepko, 1992; Hicks and Courtois, 1992; Watanabe and Raff, 1992; Hyatt et al., 1996; Neumann and Nuesslein-Volhard, 2000; Stenkamp et al., 2000) . Additionally, there is ample evidence for the operation of signals that inhibit, at some level, the production of retinal cells (Negishi et al., 1982; Reh and Tully, 1986; Hewitt et al., 1990; Hunter et al., 1992; Lillien, 1995; Ezzeddine et al., 1997; Fadool et al., 1997; Levine et al., 1997; Neophytou et al., 1997; Waid and McLoon, 1998; Belliveau and Cepko, 1999; Malicki and Driever, 1999; Doerre and Malicki, 2001; Jensen et al., 2001; Kay et al., 2001; Frankfort and Mardon, 2002) . The computational model used in this study provides physical constraints to which any hypothesized molecular signaling mechanism must adhere: it must operate over a spatial scale that extends considerably beyond the soma size, and it must operate in a homotypic manner. The latter constraint might rule out agents known to target multiple cell types, such as retinoic acid (Hyatt et al., 1996) or sonic hedgehog (Neumann and Nuesslein-Volhard, 2000) . We hypothesize that neurotransmitters could mediate the homotypic inhibitory signaling implied by our results. Several attributes of neurotransmitters and their signaling mechanisms make them attractive candidates: they provide a basis for cell-type specificity; plausible mechanisms for neurotransmitter delivery have been reported, including volume transmission of molecules released from a synaptic apparatus (Mora-Ferrer et al., 1999; Cragg and Rice, 2004) ; neurotransmitters can activate complex intracellular signaling cascades, potentially resulting in changes in gene transcription (Paspalas and Goldman-Rakic, 2004) ; neurotransmitters are known to regulate various aspects of cellular development (Lankford et al., 1988; Rodrigues et al., 1990; Jung and Bennett, 1996; Lima et al., 1996; Buznikov et al., 1999; Moiseiwitsch, 2000; Zachor et al., 2000; Herlenius and Lagercrantz, 2001) . Direct evaluation of the neurotransmitter hypothesis of cell-fate determination and cellular pattern formation in the growing goldfish retina is the subject of ongoing investigation.
